The Pasteurella multocida znuACB genes encoding a high-affinity zinc-uptake system have been identified and cloned. In contrast to what happens in Escherichia coli, znuA is not physically linked to znuCB. Through lacZ transcriptional fusions it has been demonstrated that zinc negatively regulates both znuA and znuCB operons. Nevertheless, and contrary to that determined so far for all other znuACB bacterial systems known, P. multocida znuACB genes are not under control of the zur gene, which is absent in this bacterial species, but rather are under its iron-uptake regulator (fur) gene. Furthermore, construction of defective mutants has demonstrated that P. multocida znuA and znuCB transcriptional units are required for virulence of this organism in a mouse model. ß
Introduction
Iron and zinc are required by many bacterial proteins as either structural or catalytic cofactors [1] . Nevertheless, the intracellular concentration of both elements must be controlled because high levels may be dangerous for the bacterial cell. Moreover, free concentration of both elements in body £uids of mammals is very low in order to prevent bacterial cell proliferation. Iron uptake in bacteria is negatively regulated by the product of the fur gene, an approximately 17-kDa protein harbouring Fe 2þ -dependent DNA-binding activity [2] . For Fur-Fe 2þ to bind DNA, the presence in the gene promoter of at least three contiguous NATA/TAT-like hexamers in either direct or inverse orientation is required [2] . This motif, called the Fur box, is widespread in bacteria since it is present upstream of ironregulated genes of bacterial species belonging to families as di¡erent as Enterobacteriaceae, Pseudomonadaceae, Neisseriaceae and Bacillaceae [1] .
Escherichia coli cells present two independent systems to zinc uptake encoding znuABC and pitA genes, respectively [3, 4] . The pitA-dependent one is a low-a⁄nity constitutive system [3] . Moreover, znuABC genes encode a high-a⁄nity inducible system negatively regulated by the product of the zur gene [4, 5] . E. coli znuA and znuCB operons (encoding a periplasmic-binding protein, an ATPase and an integralmembrane protein, respectively) are divergently oriented, and their respective transcriptional starting points are separated by 24 bp [4] . The product of the zur gene, a 19-kDa-size protein, belongs to the Fur family of metalloregulatory proteins and, in the presence of Zn 2þ , forms a dimer which binds to a nearly perfect palindrome found in the intergenic region between the znuA and znuCB operons, repressing expression of both transcriptional units [4] . Similar znuABC systems seem to be present in other bacterial species such as Bacillus subtilis, Staphylo-coccus aureus, Neisseria gonorrhoeae and all members of the Enterobacteriaceae family [1,5^7] .
Pasteurella multocida is a Gram-negative bacterium belonging, as does E. coli, to the Gamma Class of the Proteobacteria, which is responsible for important economic losses because it is able to develop severe infectious processes in a wide variety of animals. The presence of a functional fur gene able to control iron uptake has already been reported in P. multocida [8] . However, in this organism nothing is known about the mechanisms of uptake of metals other than iron, as well as about the putative importance of them in the infective process. For this reason, in this work the P. multocida znuABC genes have been cloned, and their regulation as well as their role in virulence have been analysed.
Materials and methods

Bacterial strains and growth conditions
Bacteria used are listed in Table 1 . E. coli and Salmonella typhimurium strains were grown in LB medium [9] . P. multocida cultures were performed in either bu¡ered peptone water (BPW) or brain-heart infusion (BHI) liquid media and on BHI or sheep-blood agar (SBA) plates. Antibiotic concentrations were as described [8] . For the Fur-titration assay (FURTA), 1 mM FeSO 4 -supplemented-Lac EMBO agar plates [10] were used. In this assay, the presence of a Fur-binding sequence in a given DNA fragment may be determined because H1717 cells containing a plasmid carrying this fragment form red colonies when growing in Lac EMBO plates [10] .
2.2. DNA methods, RNA techniques, genetic procedures and virulence assays DNA methodology and sequencing were as described [8] . Oligonucleotide primers used are listed in Table 2 . Total cellular-RNA extraction and reverse transcriptase (RT)-PCR analysis were as reported [11] .
P. multocida mutants were obtained by insertional mutagenesis following the strategy previously described [8] . Brie£y, an internal fragment of the gene to be inactivated was inserted into the pUA826 suicide plasmid, which is unable to replicate in host strains lacking the R6K-speci¢ed product of the pir gene. Afterwards, pUA826 derivatives harbouring these internal P. multocida gene fragments were introduced by triparental mating from E. coli MC1061Vpir into P. multocida wild-type cells, and streptomycin-resistant exconjugants were selected. The presence of the desired mutation in these clones was con¢rmed by PCR analysis with appropriate primers (Table 2) .
To obtain znuA and znuCB^lacZ fusions, DNA fragments containing the upstream region, as well as an encod- as pHRP309 but carrying the P. multocida znuCB operon this work pUA975 as pHRP309 but carrying the P. multocida znuA gene this work pUA976 as pUA826 but carrying a 409-bp internal fragment of the P. multocida znuC gene this work pUA977 as pUA826 but carrying a 453-bp internal fragment of the P. multocida znuA gene this work pUA978 as pHRP309 but carrying a fusion between the P. multocida znuC promoter and the lacZ gene this work pUA979 as pHRP309 but carrying a fusion between the P. multocida znuA promoter and the lacZ gene this work pUA928
as pHRP309 but carrying a fusion between the S. typhimurium znuC promoter and the lacZ gene this laboratory ing portion of the desired gene, were isolated by PCR ampli¢cation with primers indicated in Table 2 . These fragments were directionally inserted upstream of the lacZ gene of the pHRP309 promoter^probe vector, which had been previously digested with BamHI and SalI. Since pHRP309 is stable in P. multocida cells [8] , their derivatives carrying lacZ fusions were introduced into this organism by triparental mating as described [8] .
Female Swiss mice (3^8 weeks old), obtained from Harlan Iberica, Inc. (Barcelona, Spain) and housed under speci¢c-pathogen-free conditions, were used for virulence studies. The 50% lethal dose (LD 50 ) was determined in triplicate as reported earlier [8] . Basically, groups of three mice were intraperitoneally injected with 0.1 ml of serial 10-fold dilutions of bacteria in BPW. The number of surviving animals at 24 h, 48 h and 72 h post-inoculation was recorded and the value of the LD 50 was calculated as published [8] .
Results and discussion
Isolation of P. multocida znuA and znuCB transcriptional units
To clone its znuACB genes, TBLASTN analyses were performed on the P. multocida sequence genome database [12] using their homologous genes from E. coli as a probe. Results obtained revealed the presence in the P. multocida genome of two independent open-reading frames (PM0926 and PM0242) whose encoded products showed a similarity of 66% and 73% to those of E. coli znuA and znuC genes, respectively. The deduced protein sequence of P. multocida PM0926 included the extended region rich in histidine, aspartate and glutamate residues which has been proposed to bind Zn 2þ or to deliver it to other proteins [13] . This region is just upstream of the HXW motif, which is found at position 200 in PM0926. Only unambiguous Zn 2þ -binding proteins contain the H-, D-and E-rich structure immediately above this HXW motif [13] .
It is worth noting that contrary to what happens in E. coli, znuA and znuC are not physically linked in P. multocida, but rather they are separated by about 820 kb (Fig. 1A) . Moreover, downstream of the P. multocida znuC, another open-reading frame (PM0241) showing a similarity of 69% to the E. coli znuB is present. As happens in E. coli, P. multocida znuC and znuB genes constitute a single transcriptional unit, as demonstrated when a RT-PCR analysis was carried out (Fig. 1B) . P. multocida znuA and znuCB operons were cloned by PCR ampli¢cation using primers indicated in Fig. 1A , and amplicons obtained were cloned in pGEM-T, transformed into E. coli DH5K and sequenced to con¢rm the presence of the desired gene.
Analysis of znuA and znuCB expression
Despite the presence of znuA and znuCB genes in P. multocida, we were unable to detect an orthologue of the E. coli zur gene in this organism when a TBLASTN analysis was performed using this gene as a probe. This fact could have two di¡erent explanations: (i) expression of P. multocida znuACB genes is constitutive, or (ii) P. multocida znuACB genes are under control of another gene di¡erent from zur. To test both possibilities, we decided to construct transcriptional fusions of P. multocida Table 2 Primers used in this work znuA and znuCB genes with the E. coli lacZ gene to analyse their expression in di¡erent culture conditions. To carry out this study, promoters of znuA and znuCB were obtained with appropriate primers (Fig. 1A) and directionally inserted upstream of the lacZ gene of the pHRP309 plasmid. Afterwards, these pHRP309 derivatives containing the transcriptional fusions were introduced into P. multocida cells. Fig. 2A indicates how the expression of the P. multocida znuCB promoter is triggered in the presence of the chelating agent 2,2P-dipyridyl (DP). Moreover, and as expected, the addition of ZnCl 2 to the DPtreated cultures restored the transcriptional basal level of the znuCB promoter ( Fig. 2A) . Nevertheless, and surprisingly, addition of FeSO 4 gave rise to a decrease in the expression of the znuCB promoter in cells growing in the presence of DP. This e¡ect of the Fe 2þ led us to test if the fur gene had any e¡ect in znuC expression. To do that, the pHRP309 plasmid derivative containing the znuCB^lacZ fusion was introduced into the P. multocida fur mutant PM1056 [8] . Data obtained analysing the basal expression of this fusion in this strain clearly indicate that the znuCB promoter is absolutely unregulated in fur-defective cells growing in the presence of Zn 2þ ( Fig. 2A) . It must be noted that the behaviour of the znuA^lacZ transcriptional fusion was the same as that reported by the znuCB^lacZ one ( Fig. 2A) . Moreover, and supporting the above data, the basal expression level of the P. multocida znuCB^lacZ fusion was the same in both S. typhimurium wild-type and zur cells, but it was dramatically increased in a fur-defective mutant of this bacterial species (Fig. 2B) . In agreement with these results, plasmids harbouring either znuA or znuCB promoters were positive when analysed by the FURTA plate assay, which is used to identify fur-regulated promoters [10] . Di¡erences existing between basallevel expression of znuA^and znuCB^lacZ fusions in both bacteria should be attributed to the fact that a⁄nity of the S. typhimurium Fur protein by P. multocida znuA and znuC operators must be lower than that of the P. multocida Fur protein. In fact, G+C content of S. typhimurium and P. multocida chromosomes is signi¢cantly di¡erent: 50% and 40%, respectively. Then, and despite both organisms belonging to the same phylogenetic class, slight variations in the composition of gene-expression regulatory sequences must be expected.
It has been described that E. coli Fur protein can bind Zn 2þ in vitro [14] . Nevertheless, it had so far not been demonstrated that this protein was able to directly regulate zinc uptake in bacteria. So, E. coli and S. typhimurium fur mutants did not present any alteration in the expression of the znuACB system [4, 15] . Likewise, B. subtilis Fur protein is not involved in the control of its zinc-uptake system [5] . However, it is worth noting that these three bacterial species, like many other bacterial species belonging either to Gram-positive or Gamma Proteobacteria domains, present both fur and zur genes [5^7]. On the other hand, and as revealed by the TBLASTN analysis carried out during this study in their genomic data bases (http:// igweb.integratedgenomics.com/GOLD/prokaryagenomes.html), all members of the Pasteurellaceae family (Actinobacillus pleuropneumoniae, Actinobacillus actinomycetemcomitans, Haemophilus ducreyi and Haemophilus in£uenzae) whose genome has been or is being sequenced do not have an orthologue of the zur gene although they present both the znuACB system and the fur gene. Thus, it is likely to believe that the ancestor of the Pasteurellaceae family in a given moment of its evolutionary history lost the zur gene, whereas its znuACB system evolved to be under fur control to achieve, in this way, a mechanism which enabled it to maintain zinc homeostasis.
Virulence power of P. multocida znuA and znuCB mutants
Few data exist about the importance of the zinc-uptake system in bacterial virulence. In fact, it has only been reported that H. ducreyi znuA and S. typhimurium znuC mutants are less virulent than their wild-type strains [15, 16] . Because of this lack of information, we decided to construct P. multocida strains de¢cient in either znuA or znuCB genes to analyse their virulence. P. multocida znuA or znuCB mutants were obtained by the insertion in the wild-type strain of a pUA826 derivative containing either a 522-bp or a 470-bp size fragment corresponding to an internal region of znuA or znuC genes, respectively. 
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Fig . 2 . A: Expression of znuA^and znuCB^lacZ fusions in both wild-type (wt) and fur strains of P. multocida growing in BPW in the absence or in the presence of DP alone or either with ZnCl 2 (1 mM) or FeSO 4 (1 mM). B: Expression of znuA^and znuCB^lacZ fusions of P. multocida in wildtype (wt), zur and fur strains of S. typhimurium growing in LB medium. The behaviour of a S. typhimurium znuC^lacZ fusion in both wild-type (wt) and zur strains of this organism is also shown as a control of the experiment. In all cases, L-Galactosidase activities are the means of three independent assays. Values were reproducible to within an error of þ 10%.
Inactivation of each one of these two transcriptional units was con¢rmed by PCR ampli¢cation of the junction segment of the vector with the chromosomal DNA using an internal primer for each gene and the Aad plasmid primer (Fig. 3) . The stability of the integrated constructions for both mutants (ZnuA 3 and ZnuCB 3 ) was afterwards examined by serial transfers (1000-fold dilution) in BHI medium lacking antibiotics. After 10 sequential transfers, 100 colonies per mutant were analysed, and all of them retained both streptomycin resistance (determined as their growth ability in SBA plates containing streptomycin at 75 Wg ml 31 ) and PCR pro¢les corresponding to the suicide plasmid insertion (data not shown), indicating that two mutants were stable in the absence of selective pressure.
As expected, growth of P. multocida ZnuA 3 and ZnuCB 3 mutants was poor in BPW liquid medium in the presence of the DP-chelating agent, which was recovered when ZnCl 2 (500 WM) was added (Fig. 4) . It must be noted that full recovery of wild-type cells grown in these same culture conditions was achieved at a lower concentration (100 WM). Additionally, the presence in P. multocida ZnuA 3 and ZnuCB 3 cells of a plasmid containing either the znuA or the znuCB wild-type genes suppresses the growth defects of these mutants (data not shown).
In agreement with their growth limitations under zincdepletion conditions, Table 3 indicates that P. multocida ZnuA 3 and ZnuCB 3 cells present a loss of virulence as shown by its LD 50 increase by more than three orders of magnitude when intraperitoneally inoculated in Swiss mice. Moreover, the wild-type level of virulence is recovered in both znuA-, and znuCB-defective cells carrying a plasmid containing its respective wild-type gene (Table 3 ).
In conclusion, data reported in this work demonstrate that the zinc-uptake znuACB system of P. multocida is under the control of the iron-regulatory Fur protein as well as that these genes are required for virulence of this bacterial species. This is the ¢rst description of a bacterial zinc-uptake system which is under the control of an ironuptake regulator as is the fur gene. Table 2) as lower primers, respectively. The results of PCR reactions with chromosomal DNA from the wild-type strain (lanes 3 and 6) with these pair-primers, as well as those lacking DNA templates (lanes 4 and 7), are also shown as negative control. Lanes 1 and 8 are BstEII digested-V DNA, which has been used as molecular size marker. 
